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Methods for Process-related Resin Selection and Optimisation in High-
Pressure Resin Transfer Moulding 
A framework for process-related resin selection and optimisation is proposed in 
the context of research and development for industrial applications of high-
pressure resin transfer moulding (HP-RTM). The first stage involves the 
validation of the reaction kinetics model by differential scanning calorimetry 
(DSC) and the characterisation of viscosity, storage- and viscous shear-moduli by 
dynamic mechanical analysis (DMA) in a rheometer as a function of time. 
Capillary pressure measurements were obtained using a curing resin 
impregnating a vertical fibre yarn. Process-related resin selection criteria are 
based on the optimisation of cycle time, including filling time against gel time, 
micro-infiltration time and demould time. The proposed framework and the 
associated test and analysis methodologies have been applied to three epoxy resin 
systems in connection with carbon fibre reinforcement.  
Keywords: RTM; composites processing; epoxies; curing; reaction kinetics; 
DMA; rheology; capillary pressure; optimisation 
Subject classification codes: 7: Composite materials 
1. Introduction 
The application of resin transfer moulding (RTM) in an industrial scale production line 
requires the constituent materials to be used to their greatest effect in an optimised 
process [1].  Different reinforcements and resins may be used in RTM and for each type 
of material there are many varieties and grades available commercially [1–4]. 
Subsequently, resin screening necessitates lengthy programmes of experimentation or 
complex computer simulations [5–9]. However, it is possible to develop a methodology 
involving a faster and more simplified analysis in circumstances where the resin 
screening exercise is undertaken in conjunction with a mould design and reinforcement 
that are well known and have been previously optimised. The aim of this study has been 
to assemble a framework for process-related resin selection and optimisation for a given 
  
RTM mould and fibre reinforcement. In this framework, set requirements may be 
modified regarding mechanical and other properties of the RTM composite product, 
filling length and filling time, total cycle time, demould time and post-cure time.  
The proposed methodology is demonstrated in this study for different types of 
epoxy systems, which constitute a class of polymers that are used in industry not only as 
composite matrices, but also in paints, coatings and adhesives [10–12].  Their extensive 
use can be attributed to their numerous desirable properties: high modulus, high strength 
and (depending on structure) high glass transition temperature (Tg) [13–16].  In order to 
enhance the quality and productivity of RTM, the interdependency of all aspects 
contributing to the process as a whole must be understood [1, 6, 17–19].  The first area 
to be considered must be the current processing parameters and the desired 
enhancement.  Simply taking the size of the target component, for example, small 
components can be easily formed using RTM with ‘snap cure’ resin systems.  Such 
systems often employ highly reactive epoxy resins or polyurethane systems [20–23], 
which require dynamic curing parameters due to their highly reactive nature, the lower 
temperature allowing for the infusion of the resin followed by an increase in 
temperature to cure.  Alternatively, for large complex components which lend 
themselves well to RTM processing, the user will be limited to isothermal processing as 
it is not generally economical to vary the temperature of a large RTM mould, despite 
the recent development of induction heating for mould surfaces [24]. The consequence 
is that the resin screening framework for the RTM of large automotive components can 
be based on isothermal resin curing. 
Issues observed during the infusion stage in an isothermal process include 
achieving full resin infusion prior to the resin reaching its gel point whilst ensuring 
processing times are maintained as short as possible [21, 25–27].   In order to achieve 
  
the high rates of resin injection required, state-of-the-art equipment must be used such 
as injection systems primarily used for polyurethane processing.  Current, 
commercially-available high-pressure resin transfer moulding (HP-RTM) systems boast 
injection heads capable of 12 kg/min with a low-pressure radial piston pump feeding a 
high-pressure pump capable of rates of 36 kg/min, and the equipment withstanding 
pressures exceeding 200 bar [28].   
The resin flow during the stage of impregnation of the fibre reinforcement by the 
resin is governed by Darcy’s law [29]: 
 𝑼 =
[𝑲]
𝜇𝜀
∇𝑃 (1) 
where U is the velocity vector indicating the progress of the flow front, [K] is the 
permeability tensor of the fibre reinforcement,  is the average porosity of the fibre 
reinforcement,  is the resin viscosity (Newtonian fluid), and ∇𝑃 is the pressure 
gradient in all directions. In resin screening, for a set geometry and fibre reinforcement, 
the velocity and, subsequently, the impregnation time would depend on the resin 
viscosity which would, in turn, be affected by the degree of curing. Ultimately, the 
degree of curing, governed by the reaction kinetics, would control both the gel time and 
the time at which the polymer composite would reach the required Tg and mechanical 
properties. 
 An additional issue, prominent in HP-RTM, is a distinct difference between the 
flow fronts of the macro-flow (between fibre tows or fibre bundles) and micro-flow 
(between fibres within a fibre tow or a fibre bundle) [6, 30-31], which depends 
primarily on the ratio of macro- and micro-permeabilities of the fibre reinforcement. 
The total impregnation time then includes the completion of the micro-impregnation 
within the fibre tows or yarns in and near the last filled region of the fibre 
  
reinforcement, i.e. by the flow front. Micro-infiltration of the fibre tows or yarns takes 
place mainly transversely to the fibres [30] and is induced by the capillary pressure at 
the flow front and vacuum pressure, if it is applied, whereas the effect of injection 
pressure is less significant at the micro-flow front [30]. 
Hence, a framework is presented in this study for the process-related resin 
selection for a given mould and fibre reinforcement, based on the ability of the resin to 
fully fill the mould and fully impregnate the reinforcement without any premature 
gelling, voids or micro-voids, to minimise the overall cycle time in the mould (filling 
and curing) while guaranteeing demoulding a composite product with optimum 
structural and mechanical performance.    
2. Materials and Methods 
Three epoxy-based matrix systems were investigated in the development of the resin 
screening method.  Resin (a) supplied by Huntsman was XB6469 resin using cure agent 
Aradur 2954.  Resin (b) again from Huntsman was Araldite LY1564 resin using curing 
agent Aradur 22962.  Finally, resin (c) supplied by Gurit was T-Prime 130-1 resin using 
T-Prime 130-1 hardener. 
Differential scanning calorimetry (DSC) experiments were carried out to 
determine the type of reaction kinetics (catalytic described by equation (2) or 
autocatalytic described by equation (3)) [32] and the reaction constants for each resin 
system.  
 𝐶𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛:     
𝑑𝛼
𝑑𝑡
= 𝑘(1 − 𝛼)𝑛 (2) 
 𝐴𝑢𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛:     
𝑑𝛼
𝑑𝑡
= 𝑘𝛼𝑚(1 − 𝛼)𝑛 (3) 
where  is the extent of cure as a function of time, t, m and n are constants indicating 
  
the order of reaction processes, and k is the rate constant following Arrhenius 
temperature dependence according to relation (4), where A is the frequency factor, Ea is 
the reaction activation energy, T is the absolute temperature and R is the gas constant. 
 𝑘 = 𝐴𝑒−𝐸𝑎/𝑅𝑇 (4) 
TA instruments Q1000’ DSC equipment was used and measurements were made 
at the imposed temperature ramp rates, , of 5,7.5,10,12.5 and 15 K min-1 from ambient 
temperature to 280 oC.  The activation energy, Ea, and the pre-exponential factor, A, 
were determined using equation (4) according to two different methods, the Ozawa 
method [33] and the Kissinger method [34].  Further analysis of the experimental data 
of the dynamic DSC was conducted to determine the type and order of reaction in 
equation (2) or (3). Isothermal DSC was conducted at 85 oC (the temperature of 
isothermal RTM in this study) for the validation of the reaction kinetics model and 
reaction constants previously determined. 
Dynamic mechanical analysis (DMA) tests of the resin systems were carried out 
using a TA instruments DHR-1 Rheometer and 25 mm parallel plate geometry in a 
frequency sweep at a strain of 10% and different times to provide data for the storage 
and viscous shear modulus, G' and G'', respectively, as a function of curing time.   
DMA tests at the low frequencies, f  = 0.1 Hz and 1 Hz, were conducted to 
characterise the rheology of each curing resin and determine the viscosity, , as: µ = 
G''/ω where  is the angular frequency (in rad s-1). From graphs of viscosity against 
time, then, the maximum filling time can be determined before  reaches a critical 
value, beyond which, the viscosity is not allowed to rise. Above this critical viscosity 
value, processing problems may then be observed for a given mould and reinforcement 
combination; such as slow filling and incomplete impregnation before gelling. Given 
  
than the viscosity is a function of temperature and degree of curing: 𝜇 = 𝜇𝑜𝑇𝜇𝑜𝑋, the 
data were used to fit and determine the constants of the following equations describing 
the curing system rheology [32, 35-36]: 
 𝜇 = 𝜇𝑜𝑇 (
𝛼𝑔
𝛼𝑔−𝛼
)
𝐵+𝐶𝛼
 (5) 
 𝜇 = 𝜇𝑜𝑇𝑒
𝐵𝛼 (6) 
where g is the degree of curing at the gel point and oT depends on temperature 
according to: 
 𝜇𝑜𝑇 = 𝜇𝑜𝑒
𝐸𝑣/𝑅𝑇 (7) 
DMA tests at the high frequency of 100 Hz were used to determine the storage 
shear modulus, G', as a function of curing time for each resin system. From graphs of G' 
against time, the demould time can be determined using a minimum value of G'. This is 
related to the minimum state of curing at which a given composite product can be 
demoulded; without damage or distortion.   
Measurements of the capillary pressure of each resin, PcII, parallel to the fibres 
were carried out by measuring the mass of each curing epoxy system rising into a 
carbon fibre bundle, following the methodology and using the equipment described by 
Amico and Lekakou [37]. However, as this is the first time in the literature that the Pc of 
a curing system has been determined, the change of viscosity as a function of curing 
following equation (5) or (6) has been taken into account in equation (8a) or (8b), 
respectively: 
 (
𝛼𝑔
𝛼𝑔−𝛼
)
𝐵+𝐶𝛼
𝑑𝑊
𝑑𝑡
=
𝐾𝜌2𝐴𝑇𝑉
2 𝑃𝑐𝐼𝐼
𝜇𝑜𝑇𝜀
1
𝑊
−
𝐾𝜌2𝐴𝑇𝑉𝑔
𝜇𝑜𝑇𝜀
 (8a) 
  
 𝑒𝐵𝛼
𝑑𝑊
𝑑𝑡
=
𝐾𝜌2𝐴𝑇𝑉
2 𝑃𝑐𝐼𝐼
𝜇𝑜𝑇𝜀
1
𝑊
−
𝐾𝜌2𝐴𝑇𝑉𝑔
𝜇𝑜𝑇𝜀
 (8b) 
 
where W is the mass of the bundle being impregnated with resin against time t,  is the 
resin density, ATV is the pore area of the bundle cross-section (determined from image 
analysis of cross-sections of the cured epoxy-impregnated carbon fibre bundle) and g is 
the [acceleration due to] gravity. After taking the measurements and calculating  
against time from the reaction kinetics of each epoxy system, the left-hand side of 
equation (8a) or (8b) was plotted against 1/W and a straight line was fitted through the 
data of which the gradient aw and intercept bw were determined. The capillary pressure 
was then determined from equation (9): 
 𝑃𝑐𝐼𝐼 =
𝑎𝑤
𝑏𝑤
𝑔
𝐴𝑇𝑉
 (9) 
Given that for a short time initially in the capillary experiments the viscosity may be 
constant and the gravity term may be ignored, equations (8) may be integrated into the 
following simplified equation, the gradient of which would be 2w oX: 
 𝑊2 =
2𝐾𝜌2𝐴𝑇𝑉
2 𝑃𝑐𝐼𝐼
𝜇𝑜𝑇𝜇𝑜𝑋𝜀
𝑡 (10) 
3. Results 
3.1 Reaction kinetics 
Figure 1 displays an example of data analysis to determine the reaction kinetics for resin 
system (a).  The results of dynamic DSC (Figure 1(a)) were fitted according to the 
Ozawa [33] and Kissinger method [34] (Figure 1(b)) to determine the reaction 
activation energy as: Ea = 63.4 kJ/mol and Ea = 60.0 kJ/mol, respectively, as well as 
  
the pre-exponential factor A = 22.5x106 min-1. A catalytic reaction of equation-type (2) 
fitted the data of Figure 1(a) only after the peak exotherm, whereas an autocatalytic 
reaction of equation-type (3) fitted a larger portion of the data (Figure 1(c)) with 
optimised values of constants: m = 0.15 and n = 0.8. The so determined reaction kinetics 
parameters were inputted in equations (3) and (4) to predict the extent of reaction versus 
time for the isothermal DSC at 85 oC and these predictions compare very well with the 
corresponding experimental data for system (a) as is shown in Figure 1(d). Table 1 
presents the reaction kinetics model constants and parameters for all three investigated 
epoxy resin systems, determined as illustrated in Figure 1.  All three epoxy systems 
appear to follow autocatalytic reaction kinetics.  
3.2 Results of the dynamic mechanical analysis (DMA) tests 
Figure 2 presents an example of viscosity data for resin system (a) at 85 oC and at two 
different frequencies, 0.1 and 1 Hz: the 0.1 Hz frequency appears to capture the 
viscosity rise at gel point early and is in fact closer to the state of slow flow conditions 
present at RTM, hence, it was used for the viscosity measurements of all resin systems 
at 85 oC which are presented in Figure 3. The rheology models of viscosity against the 
degree of curing, described by the alternative equations (5) and (6), were fitted to the 
experimental data for each resin system with the derived model parameters displayed in 
Table 2. The corresponding viscosity predictions against time are shown in Figure 3 (as 
well as the predicted progress of curing) where it can be seen that both equations (5) 
and (6) fit well the experimental data for resin system (b), equation (6) fits better for 
resin system (a) and equation (5) fits better for resin system (c).  
Figure 4 presents the experimental data of the shear storage modulus, G', versus 
time during DMA tests at 100 Hz for the three epoxy resin systems curing isothermally 
at 85 oC.  Epoxy systems (a) and (b) exhibit a fast rise of G' after the gel point, followed 
  
by some reduction after 4 MPa which we suspect is due to the detachment of the solid 
specimen from the rotating disk plates of the DMA instrument. System (c) demonstrates 
a steady rise of G' with available data values above 10 MPa. 
3.3 Results of the capillary pressure tests 
Figure 5 presents the experimental data for all resin-curing agent systems. The data at 
the start of the impregnation (when the effect of gravity may be neglected) were fitted 
linearly in plots of W2 versus time, t, following equation (10), when the gradient 
represents 2w oX from which w was determined. The data were then converted into 
the x- and y- axes of equation 8 and best fit lines were drawn with gradient w as 
previously determined; their intercept (if negative) represented bw. In two experiments 
with resin system (b), the equilibrium weight, We, was reached (dW/dt =0), in which 
case the intercept was determined as: bw = w/We. The best fit equations were also 
employed in the calculation of predicted weight against time via numerical integration 
of equation (8): the predictions are presented against the experimental data in the 
bottom row of graphs in Figure 5. Differences between repeat experiments and also 
between the best fits and the experimental data can be detected. After some initial time 
it is suspected that the resin impregnation may enlarge the fibre yarn cross-section and 
subsequently increase the porosity that would reduce the capillary pressure and, hence, 
the rate of resin rise (resins (b) and (c)) or would increase the permeability and facilitate 
the flow of a low viscosity resin (resin (a)). Table 3 presents the determined values of 
the capillary pressure, PcII, parallel to the fibres for each resin/curing agent system, 
determined after inputting an average value for porosity ( = 0.725) and ATV, derived 
from image analysis of cured impregnated carbon fibre yarn cross-sections as in Figure 
6(a): it appears that resin systems (b) and (c) have the lowest and highest PcII values, 
respectively. 
  
4. Discussion 
The proposed framework for process-related resin selection in isothermal HP-RTM for 
a given mould and fibre reinforcement is based on a first stage of experimental studies 
to establish reaction kinetics, viscosity and shear storage modulus as a function of 
curing time and capillary pressure at known porosity value as outlined in Section 2 and 
demonstrated in Section 3. The next stage includes the process of resin screening to 
minimise filling and demould time and ensure full macro- and micro-infiltration of the 
fibre reinforcement at the end of filling.  
Demould time is a key part of the cycle time and cost as it represents the 
utilisation time of each RTM mould, which defines the production rate. Considering the 
rise of shear storage modulus at the process temperature in Figure 7(a), it can be 
determined when the composite is sufficiently cured for demoulding. If the demould 
time of the RTM polymer composite product had been optimised for resin (a), for 
example, to 65 min, this corresponds to G'=3.47 MPa. This value for G' is reached at 28 
min for resin (b) and at 128 min for resin (c). Resin (b) seems to compare favourably 
against the other two resins in terms of achieving time- and cost-effective RTM 
production. 
With regards to gel time against infiltration time, the three systems all display a 
low starting viscosity but differ in terms of the start of gel time as is shown in Figure 3. 
Depending on the maximum filling time requirement, one may choose all or narrow the 
selection to complete filling during RTM before resin gel occurs. As shown in Figure 
7(b), if for example, the RTM process had been optimised initially for resin (a) to a 
filling time of 20 min corresponding to a viscosity of about 1 Pa s at the end of filling, 
resins (b) and (c) reach that viscosity after about 10 min, which means that the filling 
time would need to be reduced to 10 min to avoid gelling or too slow impregnation; this 
might be achieved by increasing the injection pressure, for example. 
  
 Micro-infiltration should also be completed before gelling, fibre yarns near the 
macroscopic flow front at the end-of-fill are the last to be impregnated via micro-
infiltration. In the case of multiple layers of unidirectional fibres or in stitch-bonded 
fabrics, layers and yarns are highly compressed, at  = 0.05-0.4, and micro-infiltration 
times may be 20% of the filling time in HP-RTM [30]. Application of vacuum aids not 
only micro-infiltration but also accelerates macro-infiltration, which ultimately 
increases the difference between the flow fronts of macro- and micro-infiltration and 
causes additional delays of micro-infiltration after the filling in the form of macro-
infiltration is complete. Capillary pressure is beneficial as it induces only micro-flow 
and is negligible in the macro-channels. According to the Young-Laplace equation [37], 
the capillary pressure is proportional to: F(1-)/ where F = 4 or 2 for flow parallel or 
perpendicular to the fibres, respectively. On that basis and following from the 
experimental data of PcII, the values of both PcII and PcT have been calculated for 
different possible values of micro-porosity,, of carbon fibre yarns and are displayed in 
Table 3. Micro-flow is accomplished mainly under capillary pressure transverse to the 
fibres, PcT. As seen in Table 3, at a micro-porosity = 0.1, resins (c), (a) and (b) exert a 
transverse capillary pressure of 0.4 bar, 0.2 bar and 0.02 bar, respectively, which means 
that the corresponding micro-infiltration times are related as: 1:2:20. Hence, while resin 
(b) may offer distinct advantages in terms of quick gelling and early demould time, care 
must be taken to complete micro-infiltration and ensure the absence of microvoids. 
5. Summary 
Using the proposed frame work, three epoxy resin systems were assessed for their 
relative suitability in an HP-RTM process with respect to processing; in the infiltration, 
curing and demoulding stages. Their reaction type (catalytic/autocatalytic) was 
  
established and in the case of resin system (a), a high level of agreement was seen 
between theoretical calculations of reaction extent when compared with experimental 
data.  Viscosity and shear storage modulus data used with capillary pressure studies 
supplied valuable data used in the optimisation of the mould-filling stage of HP-RTM. 
Further storage modulus data provided insight into the possibility of cycle time 
optimisation with respect to minimum G’ values for demould.  
Through the creation and validation of the framework in this study; the 
screening process and optimisation of resin systems for HP-RTM can be carried out 
consistently and with increased efficiency.  The epoxy resin of choice can be utilised to 
greater effect allowing the overall cost of optimisation and target process to be carried 
out more efficiently.   
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A (min-1) Ea (kJ mol-1) K85oC (min-1) m n 
(a) (3) 22.5x106 60.0 3.94x10-2 0.15 0.80 
(b) (3) 18.8 x106 60.2 3.11 x10-2 0.40 1.80 
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Table 3.  Experimental data from the determination of the capillary pressure in 
upwards impregnation of vertical carbon fibre yarn for all resin/curing agent systems 
at T = 45 oC, where it was determined experimentally that the cured polymer-carbon 
fibre composite yarn had  = 0.725 and ATV = 378490 µm2. Predicted capillary 
pressure for different porosity values. 
Epoxy 
system 
Model 
equation 
µoT 
(Pas) 
B C αg 
(a) 
(6) 0.100 1.0 2.0 0.94 
(7) 0.003 20.3   
(b) 
(6) 
(7) 
0.166 
0.093 
35.0 
53.7 
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(c) 
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42.0 
60.8 
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  PcII (Pa) PcT (Pa) PcII (Pa) PcT (Pa) PcII (Pa) PcT (Pa) 
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Figure 2. Graphs of experimental viscosity data from DMA tests at 0.1 Hz and 1 Hz 
and 85 oC for resin/curing agent system (a). 
  
  
 
 
Figure 3. Graphs of viscosity (experimental data from DMA tests at 0.1 Hz and 85 oC 
and predictions according to equations (5) and (6)) against time and predicted degree of 
curing against time according to equation (3) for the three epoxy resin/curing agent 
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Figure 4. Experimental data of the storage shear modulus as a function of curing time 
from DMA tests at 100 Hz and 85 oC for the three epoxy resin/curing agent systems of 
this study. 
  
  
 
Figure 5. Experimental data and best fits of upwards impregnation experiments of a 
vertical carbon fibre yarn at T = 45 oC for all resin/curing agent systems. 
  
  
 
 
Figure 6. Composite cross-sections: (a) cross-section of cured impregnated free fibre 
bundle in capillary experiments with determined = 0.725 and ATV = 378490 µm2, (b) 
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